Introduction {#Sec1}
============

The jamming phenomenon refers to the cessation of flow in an assembly of interacting particles due to the formation of particle configurations which are stable against further motion even in the presence of a drive or load^[@CR1]--[@CR4]^. When the particle-particle interactions are short ranged, such as for grains or bubbles, there can be a well-defined specific density at which jamming occurs called point *J*^[@CR1],[@CR3]--[@CR7]^. When friction or additional constraints are introduced, such systems can jam at much lower densities under a drive and can exhibit two different regimes, the first of which is called a fragile phase where jamming occurs in the direction of shear but not in other directions^[@CR2],[@CR8],[@CR9]^. In the second regime, driving can induce the formation of jammed phases such as shear jammed states^[@CR8],[@CR10],[@CR11]^.

A phenomenon related to jamming is clogging, where the particle flow ceases due to a combination of particle-particle interactions and physical constraints such as a wall or posts, as observed in the flow of particles through a hopper^[@CR12],[@CR13]^, bottlenecks^[@CR14]^, channels^[@CR15],[@CR16]^, and obstacle arrays^[@CR16]--[@CR23]^. A unifying theme in jamming and clogging is that particles must reach specific configurations in which the interactions create a network that can stop the flow. One consequence of this is that some jammed states can exhibit fragility, as introduced by Cates et al.^[@CR2]^, where load-bearing force chains block the flow for the driving direction but not in other directions. The ideas of jamming and fragility have generally been applied to systems with short range or contact-only forces such as granular matter, emulsions and colloids; however, some of these ideas could be extended to systems with longer range interactions.

Another type of system that exhibits transitions from flowing to immobile states is assemblies of particles interacting with quenched disorder or pinning^[@CR24],[@CR25]^. Examples of such systems include vortices in type-II superconductors^[@CR26],[@CR27]^, electron crystals^[@CR28],[@CR29]^, skyrmions^[@CR30],[@CR31]^, emulusions^[@CR32]^, colloids^[@CR33],[@CR34]^, and active matter^[@CR35]^. In these systems, the motion can be halted not only due to direct interactions between the particles and the pinning sites, but also by the blocking of unpinned particles through interactions with directly pinned particles. As a result, interactions play a significant role in the pinned state just as they do in the formation of jammed states. There are different types of depinning phenomena including elastic depinning, where the particles form a rigid solid with no exchanges or plastic events, and plastic depinning, where the particles can exchange places or tear past one another at and above depinning^[@CR24],[@CR25]^. The transition from plastic flow to a pinned state should have the most similarities to a jamming transition from a mixing fluid state to a solid non-flowing state.

Despite the common features exhibited by both jamming and pinning, a connection between these two phenomena has not yet been established. One of the most studied systems that exhibits depinning is vortices in type-II superconductors, which can exhibit both plastic and elastic depinning transitions^[@CR24]--[@CR27]^. Driven vortices also exhibit many memory effects, in which the depinning threshold is strongly affected by the manner in which the pinned vortex configuration was created^[@CR36]--[@CR43]^. More recently it was shown that vortices can exhibit reversible to irreversible transitions or organize to specific dynamical states under periodic drives^[@CR44]--[@CR47]^, similar to the behavior found in colloidal systems and amorphous jammed systems^[@CR48]--[@CR53]^, suggesting that vortices can have properties resembling those in other systems that exhibit jamming or fragility.Figure 1Schematic illustration of the driving protocol. (**a**) Pulse 1 ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_2$$\end{document}$) is applied along the *y* direction. (**c**) Pulse 3 ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_3$$\end{document}$) is applied along the *x* direction. (**d**) If the system organizes into a pinned state during pulse 1, the *x*-direction velocity $\documentclass[12pt]{minimal}
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                \begin{document}$$V_x$$\end{document}$ (blue curve) decays to zero and the *y*-direction velocity $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$V_y$$\end{document}$ (red curve) is always zero. (**e**) During pulse 2, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$V_y$$\end{document}$ has a fixed finite value and $\documentclass[12pt]{minimal}
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                \begin{document}$$V_x$$\end{document}$ decays back to zero. (**f**) During pulse 3, $\documentclass[12pt]{minimal}
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                \begin{document}$$V_x$$\end{document}$ exhibits a transient signal before the entire system reaches a pinned state. (**g**) An alternative response showing a finite steady state value of $\documentclass[12pt]{minimal}
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                \begin{document}$$V_x$$\end{document}$ during pulse 2 is zero. (**i**), The subsequent response in pulse 3 has a $\documentclass[12pt]{minimal}
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                \begin{document}$$V_x$$\end{document}$ during pulse 1, while $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$V_y$$\end{document}$ is zero. If the system has no memory, the response in the driving direction will be the same during all three pulses.

An open question is how to distinguish between jamming and pinning-dominated behaviors in superconducting vortices or in general systems with quenched disorder. Here we propose a method to use a pulsed drive protocol to characterize these different phases for vortices interacting with random disorder. We first apply a drive pulse to the system in one direction for a fixed period of time, then shut off that drive and apply a second drive pulse in the perpendicular direction for the same duration of time. We then shut off the second pulse and apply a third pulse in the original direction to test whether the system retained any memory of the first driving pulse. In Fig. [1](#Fig1){ref-type="fig"}a,b,c we illustrate a schematic of the driving protocol. During pulse 1, termed $\documentclass[12pt]{minimal}
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                \begin{document}$$p_1$$\end{document}$, the drive is applied in the *x* direction. The second driving pulse $\documentclass[12pt]{minimal}
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                \begin{document}$$p_3$$\end{document}$ is applied along the *x* direction. If the system has no memory, the response in the driving direction is identical during all three pulses.

We find that when the number of vortices is greater than the number of pinning sites, two different types of jamming behaviors appear. For weak disorder, the system exhibits fragility and the vortices organize into a clogged configuration during $\documentclass[12pt]{minimal}
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                \begin{document}$$p_3$$\end{document}$ when the drive is reapplied in the original *x* direction, the system retains a memory of the initially pinned state, as indicated in Fig. [1](#Fig1){ref-type="fig"}f. When the drive is larger, the vortices may flow during all drive pulses, as shown in Fig. [1](#Fig1){ref-type="fig"}g--i, where the flow in the driving direction has a constant value in the absence of memory but varies with driving direction when memory is present. For stronger disorder, we observe a more robust jamming behavior similar to that found in shear jammed systems. Here, even if $\documentclass[12pt]{minimal}
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                \begin{document}$$p_2$$\end{document}$ lowers the mobility of the flow, while under repeated perpendicular switching of the driving direction, the system eventually reaches a fully jammed state. In the pinning-dominated regime, if the system reaches a pinned state during $\documentclass[12pt]{minimal}
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                \begin{document}$$p_2$$\end{document}$ and all subsequent drive pulses. For weak pinning or low pinning density, we find that the memory disappears and the response is more elastic, with rearrangements occurring among the directly pinned vortices.

We map the regions in which fragile and pinned phases occur as a function of drive strength and pinning density. We also discuss how these results could be generalized to other systems that contain quenched disorder or that exhibit nonequilibrium memory effects. Our results indicate that different types of memory effects can be used to distinguish fragile jammed states from robustly jammed states. In addition, the ability of the system to retain a memory of different driving directions could be exploited to create new types of computing devices such as a memristor^[@CR54],[@CR55]^.

Simulation and system {#Sec2}
=====================
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                \begin{document}$$\alpha _d$$\end{document}$ is the damping constant which we take equal to 1. The vortex-vortex interactions are given by $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu _{0}$$\end{document}$ is the permittivity. The distance between vortex *i* and vortex *j* is $\documentclass[12pt]{minimal}
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                \begin{document}$$K_{1}$$\end{document}$ is the modified Bessel function, which falls off exponentially for large $\documentclass[12pt]{minimal}
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The initial vortex configurations are obtained by starting the system at a high temperature and gradually cooling to $\documentclass[12pt]{minimal}
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To gain insight into the onset of the different phases, we measure the distribution of the forces experienced by the vortices. We first identify the true nearest neighbors of each vortex using a Voronoi construction, and assign each nearest neighbor pair to a bond. Using the length of each bond, we compute the interaction force $\documentclass[12pt]{minimal}
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Discussion {#Sec4}
==========

Our results indicate that in experiments, fragile or jamming behaviors would be most relevant for regimes in which the number of vortices is greater than the number of pinning sites or in samples where the pinning is strongly inhomogeneous. Strong memory effects or metastable effects are generally observed in superconductors that are either very clean or have only weak pinning, which is consistent with our findings. Jamming and fragility effects should be absent in or near the elastic depinning regime, where the vortex lattice is almost completely ordered, as well as in systems with strong pinning. Our results should be general to the broader class of particle-like systems interacting with pinning, including magnetic skyrmions, Wigner crystals, and colloids with random pinning. It is likely that similar effects would arise in systems where the particle-particle interactions are short ranged or have a hard sphere character, and this will be explored in a future work. The general protocol of applying a sequence of perpendicular drives could also be used in systems without quenched disorder, where it could provide a new method for studying random organization processes of the type found in periodic shearing of dilute colloidal systems. For instance, this protocol could be applied to dense amorphous soft solids to see if such systems also exhibit a fragile to jamming crossover. It is also possible that different pulse protocols could be used to determine whether the system retains different types of memory, similar to what has been observed in periodically sheared systems^[@CR60]^.

In experiments, it would be possible to use a crossed driving geometry that permits the application of mutually perpendicular driving currents. There are also a variety of techniques that can be used to add a well defined number of pinning sites to the system in random or periodic arrangements^[@CR61]--[@CR63]^, permitting the ratio of the number of vortices to the number of pinning sites to be tuned by varying the applied magnetic field. It would also be interesting to test whether periodic pinning arrays produce extended regions of fragile states or reduce the occurrence of fragile states. The conversion from simulation parameters to physical parameters depends upon the choice of material; however, as an example we consider the system studied by Dobroka et al.^[@CR46],[@CR64]^, where memory effects for driving in one direction have already been observed. In this case, the ac pulse frequency is in the Hz to kHz regime; however, longer or shorter pulse durations would be adequate for the measurement if the system reaches a steady dynamical state. For vortices that are displaced on the order of 0 to 20$\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$m during a single drive pulse, typical voltages would be in the range of 10 mV, which are readily experimentally accessible.

Summary {#Sec5}
=======

We have proposed a protocol involving a sequence of mutually perpendicular driving forces for determining whether a system with quenched disorder is in an elastic, pinned, jammed, or fragile state. In the fragile state, the system is able to organize to a pinned state during the first drive pulse, flows during the second drive pulse which is applied perpendicular to the first pulse, but then returns to the initial pinned configuration during the third pulse, where the drive is applied in the original direction. The fragile state is associated with a particle configuration that is pinned only in the direction of drive but not in other directions. In the jammed phase, the system can reach a steady state flow during the first drive pulse, but the application of the second pulse can cause a reduction in the mobility, while during the third pulse the system can cease flowing and reach a jammed state similar to the shear jamming behavior found in frictional granular materials. For weak disorder, the memory effects are lost since there are no longer any rearrangements of the particles with respect to their nearest neighbors, while for strong disorder or the pinning dominated regime, the memory is also lost since the response is dominated by the pinning sites and not the vortex configurations. Our results should be general to other classes of particle-like systems interacting with quenched disorder and even for other systems that exhibit random organization or jammed phases.
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